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ABSTRACT
Web-splitting cracking during and immediately after prestress transfer is a
common problem in pretensioned concrete beams, often with lasting effects on the
durability and performance. By providing an entry point for chlorides and other
corrosives, end-region cracks enable degradation of reinforcing steel and further
cracking. Current practices offer a variety of methods for controlling end-region
cracking. However, methods for preventing—not just controlling or repairing—endregion cracks are necessary to improve prestressed concrete construction. Vertical endregion post-tensioning is a developing method for preventing web-splitting cracks. The
purpose of this document is to explore implementation methods of post-tensioning using
the turn-of-the nut procedure, to apply post-tensioning on inverted T-beam specimens,
and to develop a finite element model to calculate web-splitting stress distributions. The
effectiveness of the post-tensioning is evaluated in terms of its ease of implementations,
ability to prevent and control cracking, and impact on sustainability and resilience.
Results indicate that end-region post-tensioning can be easily and effectively applied
using a calibrated turn-of-the-nut procedure to prevent and control end-region cracking.
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1.

INTRODUCTION

End-region cracking during and immediately after prestress transfer is a common
problem in pretensioned concrete beams, often with lasting effects on the durability and
performance. A seasoned quality control manager at a precast facility stated, “My first
day on the job I was sent out to monitor end-zone cracks. Years later that’s what I’m still
doing” (Quality Control Manager, 2012). By providing an entry point for chlorides and
other corrosives, end-region cracks enable degradation of reinforcing steel and further
cracking.
Web-splitting cracks are horizontal end-region cracks that form in the web of the
prestressed girder immediately or shortly after prestressed transfer as a result of internal
forces developed by concentrated prestressing (Figure 1). Currently, some degree of
web-splitting cracks are expected and accepted. These cracks are controlled using a
number of methods such as vertical end-region reinforcement and partial strand
debonding. When cracking is severe, treatments such as patching, penetrant sealers, and
epoxy injections are applied. Vertical end-region post-tensioning is a developing
technology that may serve to efficiently prevent the stresses causing web-splitting cracks,
and thus challenges the status quo of treating and controlling symptoms.
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Figure 1 – Web-splitting cracks enhanced in blue (left) and post-tensioning concept
(right)
Ross et al. (2014) pioneered the technology with a pilot study that showed that
end-region post-tensioning could reduce end-region cracking by 50% in total length
compared to a control specimen (Figure 2). The purpose of this thesis is to explore
implementation methods of post-tensioning using the turn-of-the nut procedure, to apply
post-tensioning on inverted T-beam specimens, and to develop a finite element model to
calculate web-splitting stress distributions. In the turn-of-the-nut procedure, posttensioning forces are applied vertically through the web by tightening a nut against a
bearing plate at one end of a threaded rod embedded in the concrete. In the first part of
the thesis, small concrete specimens were used to develop the post-tensioning procedures
for applying consistent and accurate forces. Additionally, different detailing of
anchorages, shielding methods, and rod sizes were evaluated and recommendations are
made. Using the small specimens, a “calibrated turn-of-the-nut” procedure was
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developed. In this method, the stiffness of the system is estimated and used to calculate
the load applied by determining the displacement of the nut as it is tightened.

Post-tension
Specimen

Control
Specimen

Figure 2 – Pilot study specimen with end-region post-tensioning (left) compared to a
control specimen (right) (Ross et al., 2014)
The procedures developed through small-scale testing were implemented in a
precast plant on two inverted T-beam test specimens. The effectiveness of the posttensioning was evaluated in terms of its ease of implementations and ability to prevent
and control cracking. Two different levels of post-tensioning were applied to assess the
levels necessary for preventing or controlling cracking. Visual inspections were used to
quantify cracking information with crack lengths and crack widths.
A finite element model was developed to improve the understanding of endregion forces and the effect of prestressing transfer length. The model was based on and
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validated with the previously mentioned specimens used in Hamilton et al. and Ross et al.
(2012; 2014).
Results indicate that end-region post-tensioning can be easily and effectively
applied using a calibrated turn-of-the-nut procedure to prevent and control end-region
cracking. To quantify the impact of this research and encourage implementation, the
research was considered in terms of sustainability and resilience. Future work is
suggested on this topic and will include more finite element analysis to support design
recommendations.
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2.
2.1.

LITERATURE REVIEW

Web-Splitting Cracks

2.1.1. Definition
Web-splitting cracks are the horizontal or diagonal web cracks that form in the
end region of a concrete beam following the prestress transfer (Figure 3). The
terminology referring to these cracks in the literature is inconsistent and the AASHTO
LRFD specifications currently refer to them as splitting cracks (AASHTO, 2009). For
the purposes of this report these cracks will be referred to as web-splitting cracks.

Figure 3 – Web-splitting cracks enhanced in blue

Web-splitting cracks are of concern due to their ability to influence the capacity
and durability of a concrete beam. Cracks that extend into a region containing
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prestressing strand can interrupt the bond between the steel and concrete, increasing
development and transfer lengths and decreasing moment and shear capacity. Cracks
also allow for the ingress of chlorides and other corrosives, exposing strand and
reinforcing steel.
Investigations into web-splitting cracks can be broken down into several distinct
approaches. Since the 1950s, many researchers have attempted to model and predict the
stresses in the concrete, a challenging process even with modern computer modeling
techniques. Others have focused on controlling the cracks through strength evaluation of
the vertical reinforcement in the end region. This review of literature will discuss both of
the above approaches as well as outlining current code requirements, crack treatment
methods, and the state of practice.
2.1.2. Current Code Requirements
Currently, no efficient and economic method of preventing crack growth has been
developed. Approaches decreasing concrete stress such as the use of end blocks (Figure
4) and strand shielding (Figure 5) can sometimes be successful, but the increased cost of
fabrication and limits associated with their success have precluded them from being the
ultimate solution. Web-splitting cracks are therefore controlled rather than prevented.
Vertical end-region reinforcement is employed to prevent the growth and propagation of
cracks, but cracking must first have occurred to engage the reinforcement.
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Figure 4 – An I-beam with an end block; end blocks are a buildup in the web cross
section in the end region

Figure 5 – Strand shielding used to break the bond between prestressing steel and
concrete
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Code requirements address both the design of the reinforcement and the size of
the cracks found in end region. A brief summary is presented below.
2.1.2.1.

AASHTO Provisions

AASHTO Provisions are heavily influenced by work from Marshall and Mattock
(1962). Provisions were first introduced in the 1961 code and have undergone little
revision since that time (Tadros, Badie, & Tuan, 2010). AASHTO LRFD Bridge Design
Specifications vertical reinforcement should be sufficient to resist at least 4% of the total
prestressing force while limiting the allowable stress in vertical reinforcement to 20 ksi.
The reinforcement must be within h/4 (where h is the height of the beam) from the end of
the beam and the end stirrup should be as close to the end of the beam as possible
(AASHTO, 2009). The required transverse reinforcement can be calculated using
Equation 1.

Equation 1
where:
Ar = required area of transverse reinforcement near the member end
Pi = prestress force at transfer
fs = design stress in the transverse reinforcement
2.1.2.2.

ACI Provisions

ACI 318 Provisions for anchorage zone reinforcement were initially written in
such a way as to apply to both pretensioned and post-tensioned members. The provisions

8

were first published in the 1963 code and were revised significantly in 1995. The 1963
code required the use of end blocks to provide for the distribution of concentrated bearing
and prestressing forces away from the anchorages to the cross section of the member “if
necessary.” It also specified the need for reinforcement in the anchorage zones to resist
bursting and spalling forces induced by prestressing force (ACI Committee 318, 1963).
In 1995, the anchorage zone requirements were rewritten to provide for design of the
post-tensioned concrete anchorage zones using the strut-and-tie modeling, making the
requirements invalid for pretensioned members (ACI Committee 318, 1995).
2.1.2.3.

PCI Provisions

The PCI Design Handbook also drew from Marshall and Mattock’s work and
recommended the presence of reinforcement to resist end region transverse tensile
stresses in pretensioned members. The required area of steel can be calculated using
Equation 2 (Precast/Prestressed Concrete Institute, 2004).

Equation 2
where:
Ar = required transverse reinforcement at the member end, uniformly
distributed over a length of h/5 from the end
Po = prestress force at transfer (after elastic losses)
fs = maximum allowable stress in reinforcement
h = member depth
lt = strand transfer length
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These recommendations were first published in 1999 and have a few departures
from Marshall and Mattock’s work. The provision considered the prestressing force after
elastic losses and also specifies that the maximum allowable stress should be taken to be
30 ksi. No support was given for these decisions, which have been questioned by some
researchers (Tuan, Yehia, Jongpitaksseel, & Tadros, 2004).
The PCI Manual for the Evaluation and Repair of Precast, Prestressed Concrete
Bridge Products (Precast/Prestressed Concrete Institute, 2006) provides for the
evaluation and repair of precast, prestressed members. Recommendations include
injecting a crack with epoxy under the following circumstances:
1. Crack widths is greater than 0.012 in. and the beam will be exposed to
humidity
2. Crack widths greater than 0.007 in. and the beam will be exposed to dicing
chemicals
3. Crack widths greater than 0.006 in. and the beam will be exposed to
seawater, sweater spray, and wetting and drying cycles
4. If the crack intercepts or is collinear with strands.
If a crack intercepts or is collinear with the strands, the provisions recommend the
stresses be recalculated after shifting the transfer and development lengths.
2.1.3. Causes of Web-Splitting Cracks
Two distinct approaches have been used to evaluate web-splitting cracks. First,
early research tended to focus on modeling the beam cross section with the goal of
predicting and reducing the stress in the concrete. In the second approach, research has
focused on developing procedures to design cross sections and vertical reinforcement to
prohibit excessive crack growth. Both research approaches are discussed.
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2.1.3.1.

Stress Centered Approaches

A variety of analytical modeling techniques have been employed to calculate end
region tensile stress. Methods employing elastic, inelastic, and plastic assumptions have
all been used with various degrees of success.
Currently, finite element analysis (FEA) is the favored elastic analysis approach
due to the increased ability to model stresses in a complicated geometry and threedimensions (Breen, 1994; Kannel, French, Stolarski, & Gamble, 1997). However, FEA
models are highly dependent on boundary conditions and early FEA models were unable
to evaluated concrete stresses after cracking has occurred (Gergely & Sozen, 1967).
Other elastic analysis approaches include infinite series (Iyengar, 1962) and finite
difference approaches(Gergely, Sozen, & Siess, 1963). Guyon developed a method of
analysis using a symmetric prism method, which is limited to only the region directly
adjacent to the prestressed force and subsequently only useful in estimating bursting
forces and not splitting forces (1955). This approach has been influential in the
development of European codes (Dunkman, 2009).
Inelestic analysis was employed by Gergely, Sozen, and Siess to produce the
Gergely-Sozen analysis (1963). This approach assumes an initially cracked cross section
and is based on an equilibrium balance (Figure 6). Though simple and limited to splitting
forces due to equilibrium only, the Gergely-Sozen model provides an intuitive and widely
used model for discussing web-splitting cracks.
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Figure 6 – Free body diagram based on Gergely-Sozen Model (Gergely et al., 1963)
where:
P = prestress force
z = height of section analyzed
h = member depth
a = height of prestressing force
T = web-splitting tensile force
M = resulting moment and shear forces
C = resulting compression fields
The primary method of applying plastic analysis is through the strut-and-tie
modeling (STM) and is used to estimate the required transverse steel. It has been
influential in the development of European codes and has been investigated by Schlaich
et al. (1987), Castrodale et al. (2002), Davis et al. (2005), and Crispino (2007).
End blocks were a common feature in early pretensioned members and are an
effective method of reducing tensile stresses in the end region. . Although end blocks
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increase the area of concrete over which the transverse force is distributed and allow for
less congestion in the end-region reinforcement, they do not ensure the absence of
horizontal cracking. Moreover, they are not able to prevent crack growth once initiated
and add significantly to formwork costs (Marshall & Mattock, 1962).
2.1.3.2.

Strength Centered Approach

Marshall and Mattock (1962) and Gergely, Sozen, and Siess (1963) are frequently
credited as landmark studies that recognize the need to develop a pragmatic approach to
designing transverse reinforcing steel. The Gergely-Sozen model can be used to estimate
the forces resisted by transverse steel. Marshall and Mattock developed an equation that
estimated the required area of steel that was changed slightly and then incorporated into
AASHTO design standards almost immediately (Equation 3).

Equation 3
where:
Ar = required transverse reinforcement at the member end
Pi = prestress force at transfer
fs = maximum allowable stress in reinforcement (20 ksi)
h = member depth
lt = strand transfer length
The equation was said to be more conservative if the ratio of h/lt was increased
beyond 2, (the simplification made by AASHTO) (Marshall & Mattock, 1962). More
recently, an experimental investigation by Tuan et al. has confirmed Marshall and
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Mattocks steel estimations and suggested that 50% of the area of steel be concentrated to
within h/8 from the end of the member and balanced between h/8 and h/2 (2004).
2.1.4. Treatment of Web-Splitting Cracks
Treatment protocols for web-splitting cracks are typically based on the beam
exposure conditions and width and location of cracks. Historical recommendations for
the allowable crack widths and treatment procedures are thoroughly outlined in Tadros et
al. NCHRP Report 654 (2010). Table 1 and Table 2 list treatment procedures from
Tadros et al. (2010) and FDOT Specification 450 (2012). Although not listed in this
document, recommendations for treating web-splitting cracks have also been made by
PCI (2004) and other organizations.

Table 1 – Crack treatment procedures as recommended by Tadros et al. (2010).
Crack Width
< 0.012 in.
0.012 - 0.025 in.
0.025 - 0.050 in.
> 0.05 in.

Recommended Action
Left unrepaired
Repaired by filling the cracks with approved specialty cementitious
materials, and the end 4 ft of the girder side faces coated with an approved
sealant
Filled with either epoxy injection or cementitious patching material
(depending on crack width) and the surface coated with a sealant
Girder rejected
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Table 2 – Crack treatment procedures as recommended by FDOT Specification 450
(2012).
Crack Classification
Cosmetic cracks
(< 0.006 in.)

Environment
Slight - Moderate
Extreme
Slight

Minor cracks
(0.006 - 0.012 in.)

Moderate

Major crack
(> 0.012 in.)

2.2.

Extreme

Action
Do not treat
Apply penetrant sealer
Do not treat
Beam Elevation > 12 ft - Do not treat
Beam Elevation < 12 ft - Apply penetrant sealer
Inject epoxy

All

Engineering evaluation required

Reinforcement Corrosion Resistance

The resistance of reinforcement from corrosion is covered briefly here in regards
to the corrosion process and the effect of crack width on concrete cover effectiveness.
While the body of literature has grown and the complexity of chloride ingress and
corrosion rate models has greatly increased, little change has been affected in
determining practical permissible crack widths. There is little scientific knowledge or
background addressing two areas within this discussion. First, limited conclusions
regarding the effect of crack width on chloride ingress rates have been made. This is
partially because of the difficulty in characterizing cracks due to their variations in shape,
tortuosity, and other properties that all vary depending on the cause of the crack or the
material properties of the concrete. Second, little work has been completed on nonsaturated cracked sections. Subsequently, effective service life predictions are severely
limited when analyzing a cracked section in any location on a structure.
While there is some disagreement with this model, effective service life is
typically modeled by analyzing the ingress of chlorides through the concrete until a
sufficient level of concentration is achieved to degrade the passivity layer protecting the
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rebar and initiate corrosion. Once the corrosion threshold is reached, corrosion products
are created until stresses build within the concrete section sufficient to crack the concrete
cover. At this point, loss of concrete and steel cross-section begins to impact the
structural capacity. Typically, the length of time required to reach the corrosion
threshold dominates the lifespan of the structure, making chloride ingress rates very
important for life-cycle predictions in an aggressive environment.
2.2.1. Chloride Ingress through Uncracked Concrete
Chloride ingress through solids is an ionic process described by Fick’s second law
of diffusion, which has been solved many different ways to describe different conditions
(Amey, Johnson, Miltenberger, & Farzam, 1998; Bazant, 1979; Fontana, 1987; Guirguis,
1987; Hookham, 1990; Kwon, Na, Park, & Jung, 2009; Liang, Zhao, Chang, & Liang,
2001; Liu & Weyers, 1998; Mangat & Elgarf, 1999; Weyers, Pyc, & Sprinkel, 1998).
Diffusion characteristics are heavily influenced by the localized environmental
factors of a specimen. Bridge and similar structures typically have elements that are
submerged, within the splash zone, or are superstructure components. In tidal zones with
high amounts of dissolved oxygen, the submerged components may corrode; however,
the corrosion rate is expected to be less than that of the splash zone sections(Amey et al.,
1998). Superstructure components may also be exposed to high levels of chlorides from
air and mist or through deicing salts. In the superstructure, cover is often less
conservative and the concrete properties become more critical in determining the length
of time prior to corrosion initiation in reinforcement.
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Some research has been done to assess the chloride ingress rates in unsaturated
conditions including wetting and drying cycles and gaseous conditions (Climent, de Vera,
López, Viqueira, & Andrade, 2002; Ye, Jin, Jin, & Fu, 2012).
2.2.2. Chloride Ingress through Cracked Concrete
Chloride ingress in cracked concrete in submerged or ponded conditions has been
researched and well documented (Cady & Weyers, 1984; Mangat & Gurusamy, 1987;
Marsavina, Audenaert, De Schutter, Faur, & Marsavina, 2009; Poursaee & Hansson,
2008; Win, Watanabe, & Machida, 2004). General conclusions indicated that cracks
smaller than 0.005 in. in width tend to have little effect on reinforcement corrosion and
that cracks of widths 0.008 in. or greater can be cause for concern in aggressive
environments (Reis, Mozer, Bianchini, & Kesler, 1965). The effect of cracks between
0.005 and 0.008 in. is uncertain but cracks of widths greater than 0.012 tend to result in
significantly higher levels of corrosion in exposed environments (Reis et al., 1965).
Recently, Ye et al. investigated the chloride ingress rates on cracked concrete
specimens exposed to wetting and drying cycles (2012). Ye showed that chloride ingress
was more aggressive in these conditions than in submerged conditions. Wetting and
drying phases cause an increased concentration of chloride ions as they are deposited in
the concrete matrix as water is evacuated. Here chloride ingress is driven by both
diffusion and advection, where advection is the movement of chlorides with moisture
through the concrete. Advection dominates the rate of chloride penetration in dryingwetting cycles during the wetting phase. The drying phase serves to concentrate the
chlorides in the concrete matrix as moisture levels decrease.
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The interaction complexity of crack geometry, crack origin, concrete properties,
and environmental conditions confound simple models. Some researchers have
attempted to simplify models using a smeared rather than a discrete approach by
increasing the permeability and diffusivity of the concrete based on the damage in an area
(Boulfiza, Sakai, Banthia, & Yoshida, 2003). However, Ye et al.’s research demonstrates
the necessity to investigate other exposure conditions unique to different structural
components to develop an acceptable model that predicts the influence of cracking on the
life-cycle of the structure.
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3.

DEVELOPMENT OF POST-TENSION PROCEDURE

This chapter presents the results of a research program to develop a procedure for
post-tensioning concrete using threaded rods and turn-of-the-nut tensioning. While posttension forces can be applied to the end region of the beam through a variety of methods,
the turn-of-the-nut method utilizes readily available equipment and easily applied
techniques. In this method, unbonded threaded rods are anchored in concrete at one end
and tensioned by tightening a nut at the opposite end. The end at which the nut is
tightened will be referred to as the “live end.” The opposite end will be referred to as the
“anchored end”.
3.1.

Approach

An experimental program was undertaken to develop a methodology to apply
accurate and consistent post-tensioning forces using turn-of-the-nut tensioning. The
program was iterative in nature and involved the use of multiple specimen series to test
design variables including rod size, shielding, and anchorages. P-series specimens of
varying length were cast with PVC pipes, which acted as post-tensioning ducts to allow
multiple tests to be run on each specimen by interchanging threaded rods (Table 3). The
second set of specimens, the T series, had threaded rods cast in place to determine the
effects of anchorage, shielding, and rod diameter on post-tensioning (Table 4). Details of
these specimen sets are discussed later in this section.
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Table 3 – P-series specimen details
Specimen Length (in.) Width (in.) Height (in.)
P1
24
8
5.5
P2
32
8
5.5
P3
40
8
5.5
P4*
48
8
5.5
*Damaged due to excessive pipe deflection

Table 4 – T-series specimen details
Specimen Rod Dia. (in.) Anchoring Shielding
T1
¼
Straight
None
T2
¼
Straight
Plastic
T3
¼
Bent
Plastic
T4
¼
Bent
Tape
T5
¼
Washer
Plastic
T6
½
Bent
None
T7
½
Straight
Plastic
T8
½
Bent
Plastic
T9
½
Washer
Plastic

3.1.1. Turn-of-the-nut Application
Using elastic theory, the force in a threaded rod can be calculated based on
constitutive and geometric properties of the rod and from the observed deformation.
Deformation in the threaded rod may be easily quantified by using the thread count and
the number of turns applied. A primary task in the experimental program was to compare
the deformation calculated by Equation 4 with the observed deformation in the test
specimens.
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Equation 4
where:

 = Deformation of threaded rod
turns = number of turns of the nut
F = force desired (lb.)
Ls = length of threaded rod (in.)
Es = Modulus of elasticity of threaded rod (psi)
count = thread count (in. per thread)
A = area of threaded rod (in.2)
As will be discussed in section 3.4.1, Equation 4 was insufficient to model the
post-tension system used in the experimental program. Because of this result, the
approach for the turn-of-nut method was modified during the test program to include
developing a “calibrated method” for estimating post-tension forces. In this method, load
cell readings were used to create a turn-of-the-nut post-tensioning procedure for a
specific set of end-region details. Experimental comparisons with Equation 4 and
development of the calibrated method are discussed in detail in section 3.4.1.
Initial seating of the system—the tightening of nuts, plates, and washers until they
are fully engaged—is a detail-specific process and complicates the behavior of the
system. Because of variations in seating due to details and materials, it is not always
obvious how much tightening of the nut is required to overcome seating losses. Thread
conditions and seating elements in the assembly can vary between members and affect
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the accuracy and repeatability of post-tension application. In investigating these effects,
the test program included the use of a torque wrench to define a consistent starting point
for counting the turns of the nut and fully engaging the threaded rods beyond seating
losses.
Specimens with PVC pipes crossing through the cross-section (P series) were
used to evaluate different procedures for applying and measuring turn-of-the nut
tensioning. Development of a consistent procedure was necessary before many of the
other variables could be evaluated. Procedural elements under consideration include how
the torque wrench was applied and the accuracy of the turn count in predicting load.
Multiple bar diameters were used to evaluate the effect of diameter on tensioning
procedures. Beam lengths were chosen to simulate different shielding lengths in a
concrete section. A load cell was used to record the force in each rod during the posttensioning process. Force data from the load cell where used as a baseline to evaluate
different procedures. The load cell was calibrated both before and after testing to ensure
data accuracy. The experience developed in testing the P series was employed to create a
calibration and application procedure that was executed by individuals untrained in posttensioning procedures.
3.1.2. Anchorage Methods
Development length for the T-series specimens was determined based on ACI
318-11 12.2.2 for deformed bars. The required development was calculated to be 14 in.
for a #4 bar (0.5 in. dia.) with 84 ksi yield strength. Based on limitations of the specimen
sizes, only 7 in., or half of development length was provided. Thus the theoretical
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anchorage capacity of the rods was half of their yield strength. Force levels within the
linear elastic range were desirable so that specimens could be used multiple times without
inelastic deformations. Accordingly, the nominal capacity of the rod anchorage was
deemed sufficient for the test program.
Specimen anchorage is shown in Figure 7 and consisted of straight, bent, or
washer anchorages. Straight anchorages consisted of a 7 in. straight segment of threaded
rod. Bent bars T3, T4, and T8 were bent using a vice to an angle of approximately 40°
for a length of 4 in., leaving a 3 in. straight portion before shielding. Specimen T6 was
bent to 90° but stress cracking was noticed in the specimen because of an insufficient
bend radius. The cracking was inconsequential for specimen T6 as it was unshielded and
used as a baseline to compare to the strain in the other specimens before yielding.
Washer anchorages used a nut and washer placed at 4 in. from the end of the rod and 3 in.
from shielding. The washer was secured to the nut prior to concrete placement with a
small amount of adhesive.
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T8
T6

T7
T9

T3
T4

T5
T2

T1

Figure 7 – Specimen anchorage
3.1.3. Shielding Methods
An example detail for specimen T5 is provided in Figure 8. Two shielding
methods were considered. Threaded rods were either wrapped in 3 mil plastic wrapping
and taped using duct tape (“Plastic” in Table 4) or were wrapped only in duct tape
(“Tape” in Table 4). A 24 in. length of shielding was chosen as it allowed for a direct
comparison to specimen P1 (24 in. in length).

Figure 8 – Detail of specimen T5
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3.1.4. Rod Size
Quarter inch and half inch diameter rods were considered to evaluate the effect of
cross sectional area on the calibration and to ensure that no unexpected effect on
development or shielding occurred in the T-series specimens. Three-eighths inch and
half inch diameter rods were used with the specimens containing the P-series specimens.
Quarter inch bars were not used in the P-series specimens because of alignment and
straightness difficulties associated with the smaller diameter rods. All rods in the test
program were steel and had a specified yield strength of 84 ksi. Thread counts varied by
rod diameter and are described in Table 5.

Table 5 – Rod thread count
Rod diameter Thread count
1/4
20
3/8
16
1/2
13

3.2.

Specimen Fabrication

The beams were cast March 13th, 2013 with a 3000 psi air entrained concrete mix,
which had a 28 day concrete strength of 3710 lb. The beams were consolidated with a
needle vibrator and were finished using a trowel. Forms were constructed out of 2x6 (1.5
in. x 5.5 in. nominal dimension) pieces of lumber placed on a 4 foot x 8 foot section of
OSB (Figure 9 and Figure 10). The OSB base was covered with 3 mil plastic, and all 2x6
surfaces were coated with vegetable oil to facilitate form release. Painter’s caulk was
used to seal all formwork seams. Threaded rods were made of Type 316 stainless steel
with an ultimate tensile strength of 84 ksi.
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Figure 9 – Plan view of specimen layout

Figure 10 – Specimen formwork prior to casting
In the T series, threaded rods were held in place during concrete
placement by formwork at the protruding end and tie wire at the embedded end (Figure
11 and Figure 12). The PVC elements in the P series were supported at both ends by
form work (Figure 12). PVC ducts in specimens P1 and P2 had sufficient stiffness to
remain straight during concrete placement. Specimen P3 had brick pieces placed along
the pipe to prevent PVC bending under concrete pressure. Specimen P4 did not have
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these supports and PVC deflections prevented its use for testing. Formwork holes where
pipe extended beyond the concrete section were sealed using duct tape. Two lifting loops
were placed in the larger specimens (P2-P4) to facilitate specimen mobility.

T4

T3

T9

T2

T8

T1

T7

T6

Figure 11 – Rods in the T series; anchored ends were held in place using tie wire
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P3
T9

P4

T4

T5

Figure 12 – PVC ducts in the P-series were supported at the ends; specimen P3 was also
supported with brick blocks at the center
3.3.

Set-up and Protocols

3.3.1. P-series Specimens
The P series was tested in a wooden test frame constructed to prevent the
specimens from rotating during tensioning. Figure 13 shows the test setup as well as
bearing details at the live and anchor ends of the threaded rod. The load cell was excited
with a 13.8 V direct current power source and monitored with a voltmeter. Steel plates
were used to transfer the force into the concrete beams. On the active end, the nut was
threaded against a series of washers that transferred the force onto the load cell at the
bearing face. A 4 x 4 in. plate was placed between the load cell and the concrete face.
On the anchor end, two nuts were threaded together against a zinc washer and a second
plate.
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Figure 13 – Test frame and data acquisition (left) and bearing details for the live end (top
right) and anchor end (bottom right)
3.3.2. T-series Specimens
T-series specimens were stacked on a pallet and held down in a wooden frame
with shims to prevent rocking (Figure 14). The data acquisition system was modified for
the T series. An amplifier was added to the voltage output to increase the resolution of
the load data relative to that of the P series. Load data were monitored using a voltmeter
and the active bearing was identical to that used in the P series.
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Figure 14 – T-series specimen test setup
3.4.

Results and Discussion

3.4.1. Turn-of-the-nut Application
The first task of the experimental program was to compare the elongation of the
threaded rod calculated from Equation 4 with the experimentally observed elongation.
As indicated in Table 6, it took more turns than calculated considering just the tensile
elongation in the rod to achieve a desired post-tensioning load. Modeling the system
using only the tensile elongation in the rod was insufficient to describe the behavior of
the system; deformation of the anchorage or the live end must also be considered. The
reduced stiffness (relative to Equation 4) is due to a combination of displacements in the
threads, washers, and concrete. For the tested geometries and levels of force in the test
program, deformations predicted by Equation 4 are extremely small (on the order of 0.05
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in.) making deformations elsewhere in the system important. Local deformations of
concrete at the hooked anchorages such as those used in the inverted T-beams in Section
4 were also significant and reduced the observed stiffness of the system.

Table 6 – Example theoretical and calibrated turn-of-the-nut force estimations
Rod diameter
3/8 in. 3/8 in. 1/2 in.
Rod length
35 in. 43 in. 43 in.
Desired force (lb.)
2500
2500
3750
Theoretical turns required
0.524 0.644 0.527
Experimentally turns required 0.973 1.114 0.712
Percent Error
86%
72%
35%

An alternative method was developed to estimate the load in the rod by
approximating the system stiffness using the experimental data. Load cell and
displacement data were collected and found to be linearly related after initial seating.
These values were used to develop a calibrated model in the form of Equation 5.

Equation 5
where:
F = force desired (lb.)
turns = number of turns of the nut
Ks = system stiffness (lb./turn)
Ftw = tensile force in the rod due to seating with the torque wrench (lb.)
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The number of turns was observed to be linearly related with the displacement of
the rod with respect to the live end and was determined to be an effective and simple way
of assessing this displacement. The system stiffness is a function of the rod, concrete,
anchorage, and live end. Therefore, the calibration should have the same rods, nuts,
washers, anchorage details, and load levels as production beams receiving posttensioning.
Several tests were run on the P-series specimens to develop a statistical model to
predict the number of turns required to achieve approximately 50% of the yield strength
for several distinct testing configurations. Table 7 presents statistical values for linear
regressions of the data using the form of Equation 5. As previously discussed, the torque
wrench served to tighten the system and overcome seating losses. By initially seating the
system, a consistent zero position for counting the subsequent number of turns was
provided. Torque wrenches are inexpensive, simple to use, and consistent despite
different operators, making them ideal for use in a prestressing plant. The torque wrench
is responsible for providing the vertical-axis intercept in the linear regression as indicated
in Figure 15, Figure 16, and Figure 17 and detailed in Table 7. Variability in the tensile
load applied for a given torque is accounted for in the standard deviation of the linear
regression intercept. Torques of 200 in.-lb., 100 in.-lb., and 50 in.-lb. were used in trials
with the P series. The 100 in.-lb. torque was found to provide the most consistent (lowest
standard deviation) axial force for the 3/8 in. and 1/2 in. diameter rods. A torque of 50
in.-lb. was used with the 1/4 in. rod specimens, because the 100 in.-lb. approached the
yield strength of the test specimens.
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Table 7 – Linear regressions values and statistical characteristics determined for three
specimens
Rod diameter
Rod length
Tests
Linear Reg.
(Equation 5)
Average
Standard
Deviation
Covariance

3/8 in.
32 in.
4

3/8 in.
40 in.
8

1/2 in.
40 in.
6

Ks

Ftw

r2

Ks

Ftw

r2

Ks

Ftw

r2

2569

871

0.991

2249

1022

0.990

5266

1236

0.994

125

64

0.005

172

136

0.009

133

267

0.004

0.049

0.073

0.005

0.077

0.133

0.009

0.025

0.216

0.004

The linear regression values differ between tests using the same rod size but
differing rod lengths as would be expected due to the change in relative displacement
needed to achieve a given strain. Additionally, it was expected that the linear regression
values would differ between rod sizes due to changes in rod area and thread count.
Figure 15, Figure 16, and Figure 17 graphically present this data and demonstrate how
these statistics could be used to develop a calibrated model to predict the number of turns
required to achieve a desired post-tension force. The values for experimentally
determined turns required in Table 6 were calculated using this linear regression data.
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3000
2500

Load (lb.)

2000
1500

Mean
±1 Std Dev.

1000
500

Torque wrench

0
0

0.2
0.4
0.6
0.8
Turns past torque wrench zero

1

Figure 15 – Force developed using calibrated estimate method with 3/8 in. diameter rod
on a 32 in. concrete specimen

3000
2500

Load (lb.)

2000
1500

Mean
±1 Std Dev.

1000
Torque wrench

500
0
0

0.2
0.4
0.6
0.8
Turns past torque wrench zero

1

Figure 16 – Force developed using calibrated estimate with 3/8 in. diameter rod on a 40
in. concrete specimen

34

5000

Load (lb.)

4000
3000
Mean

2000

±1 Std Dev.

1000

Torque wrench
0
0

0.2
0.4
0.6
0.8
Turns past torque wrench zero

1

Figure 17 – Force developed using calibrated estimate with 1/2 in. diameter rod on a 40
in. concrete specimen
A set of instructions describing the calibration and application process was tested
and revised based on feedback from Clemson students unfamiliar with the process. The
final result could be implemented by an untrained third party who was familiar with basic
tool usage and the operation of a load cell and torque wrench. The instructions provided
for the calibration process are in Figure 18.
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Turn count:
It is necessary to count the number of turns of a
nut to estimate the force in the threaded rod.
Counting the number of sides of the nut (6 sides in
all) is a convenient method of counting partial
turns. The figure to the right is an example of
how turns may be counted using the faces of a nut

Initial

(3.5)/6
turns

Calibration:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Final

Set up load cell and voltmeter
Clear load cell bearing surface of all concrete and debris
Place bearing plate onto the beam if a uniform surface is not available
Place load cell on top of bearing plate or beam, place 2nd bearing plate on top of the load
cell, and place washers and thread nut until the assembly is snug
Use torque wrench to apply 100 lb torque
Mark reference point on nut and rod threads (do not use washers as they may rotate)
Apply posttensioning using turn of the nut until the desired load is achieved; monitor load
using load cell readout
Count the number of turns required to the nearest 12th of a turn (1/2 of a side on a 6 sided
nut) using reference points
Remove nut, bearing plates, and load cell

Calibration configuration
Threaded rod

Nut

Washer

Bearing plates

Load cell

Steel top plate
Concrete
Apply post tensioning to each rod:
1.
2.
3.
4.
5.

Place washer and thread nut onto the assembly
Use torque wrench to apply 100 lb torque to the nut
Mark reference point on nut hex and rod threads (do not use washers as they may rotate)
Apply the number of turns determined in calibration to achieve post-tension force
Repeat procedure on all bolts

Figure 18 – Calibrated force estimate instructions

36

3.4.2. Anchorage Methods
All anchorages provided sufficient resistance to yield the rods and the anchorage
type produced no observable effect. In spite of having less than the nominal required
development length, the rods without hooks or washers at their anchor end also yielded
when sufficient load was applied.
It is desirable to develop post-tension forces in the threaded rods as low in the
bottom flange as possible to allow distribution into the concrete cross section. For this
reason, the use of hooks or a nut-and-washer at the anchor end is recommended. In
Section 4 of this document, 1/2 in. diameter bars were bent to ACI specifications and
used in a prestressed test specimen (ACI Committee 318, 2011). This anchorage method
worked well as it allowed the shielded length of the rod to span the area of interest and
did not interfere with existing end-region reinforcement.
3.4.3. Shielding Methods
Both tape and plastic wrappings around the rods provided effective shielding for
the rods, and no difference was observed between these variables. Placing plastic
shielding around the rods was more time consuming than simply wrapping the rods in
duct tape. In Section 4 of this document, plastic tube strand shielding for 0.6 in. strand
was placed around 1/2 in. diameter rods, and also provided adequate shielding. This
method was the easiest to employ and plastic tube shielding is readily available at
prestressing plants.
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3.4.4. Rod Size
Rod size was found to have little effect on the accuracy of the calibrated
estimation method for one-half and three-eighths inch diameter rods. However, quarter
inch diameters rods tended to bend easily during the test program and were difficult to
tension accurately. Bends in the quarter inch diameter rods affected the elongation of the
rod and negatively impacted the calibrated estimation by introducing error. Ensuring and
maintaining the health of theses rods prior to post-tensioning would present an
unnecessary additional expense of time and effort. Smaller diameters rods such as the
1/4 in. rods are subsequently are not recommended.
3.5.

Summary and Conclusions

Post-tensioning procedures and details were developed and evaluated using two
series of small specimens. The objective of testing was to develop a turn-of-the nut posttension procedure for applying consistent post-tension forces. Conclusions were drawn
on the effect of anchorage, shielding, and rod sizes on the calibrated estimation of the
post-tension force.
3.5.1. Turn-of-the-nut Application
 The experimentally observed post-tension forces were consistently lower than
the forces calculated using the observed rod elongation. The difference
between calculated and experimental forces is attributed to displacements at
the anchorages, which made the physical system less stiff than the stiffness
calculated from elastic elongation of the rod only.
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After initial seating, the post-tension force was linearly related to the number
of turns-of-the nut. This observation was consistent across specimens and all
combinations of rod, shielding, anchorage, and live-end details.



Calibration data can be used to estimate the post-tension load within statistical
parameters. By designing post-tension to bound the desired total force,
standard deviation and mean values can be used to provide a confidence
interval or factor of safety.



The calibrated estimation method proposed in this thesis is detail specific, and
it is necessary to calibrate for each combination of rod, shielding, anchorage,
and live-end details.

3.5.2. Anchorage Methods
 All anchorages tested provided sufficient resistance to fully yield the posttension rods. These included straight and bent rods as well as a straight rod
with a threaded nut and washer.


To comply with ACI requirements and streamline rod production, it is
suggested that post-tension rods be bent using standard bar bend procedures.

3.5.3. Shielding Methods
 Shielding techniques using plastic and tape were effective and provided
adequate debonding between the rods and the concrete.


Commercially produced plastic shielding used to debond prestressing strand is
recommended for use because it is readily available at most precast plants and
was more time efficient in implementation than the other techniques tested.
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3.5.4. Rod Size
 Smaller rods (such as 1/4 in.) are difficult to keep straight, leading to errors in
the load estimation during the post-tension application.


Larger rods (3/8 in. or greater) are easier to handle and keep straight than
smaller rods, making them preferable for use in a precast plant
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4.

APPLICATION OF POST-TENSION PROCEDURES AND
DETAILS

Two inverted T-beams were fabricated to demonstrate the effectiveness of posttensioning in preventing the development of web-splitting cracks. The beam design was
based on a production beam known to develop web-splitting cracks. Post-tensioning was
monitored using a load cell to determine the number of turns required to provide the
necessary load in the rods. The load cell was then removed and all of the rods in the
assembly were tightened using the determined number of turns. The beams were
monitored for cracking during the days and months following fabrication.
4.1.

Approach

Two test beams were produced with varying details and each end, thus resulting
in four different end-region designs. Each end region is referred to as a unique specimen.
Specimens included two controls and two end regions with different post-tension forces
(Table 8).

Table 8 – Post-tensioning test matrix
Specimen Post-tension bars
CT1
CT2
PT1
PT2

0
8
8
10

Post-tension force
(% of fpi)
0%
0%
4%
6%

The first control (CT1) consisted of an end region with no vertical post-tensioning
rods while the second (CT2) contained eight shielded rods tensioned to snug tight (100
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in-lb) with a torque wrench. Specimen PT1 was designed to deliver approximately 4% of
the initial prestress force as a clamping force on the end region. The 4% level is
consistent with the splitting force used to design vertical end-region reinforcement
according to AASHTO LRFD. Two additional rods were added in specimen PT2 to
deliver a higher clamping force of approximately 6% initial prestressing force.
Visual inspections were used to collect crack data to evaluate effectiveness of the
post-tensioning schemes. Data included crack lengths and widths and was monitored
closely for the first 28 days and then periodically for nearly nine months afterwards.
Effectiveness of post-tensioning was established through direct comparison of crack data
from the post-tensioned specimens to control specimens.
After an observation period for monitoring cracks and evaluating the effectiveness
of post-tensioning, the threaded rods in specimens PT1 and PT2 were released. Strain
data and crack data were collected during and after detensioning confirm the presence of
post-tensioning forces after a long storage period. Concrete tensile strength would have
continued to develop over this storage period while relaxation in the steel would result in
post-tension losses. Detensioning the rods provided a means of assessing whether the
post-tensioning was continuing to aid in crack prevention or if the mature concrete had
sufficient strength to resist web-splitting cracking alone.
4.2.

Design

The reinforcement configuration was taken from a production beam known to
develop end-region cracking and is documented in the following sections. Specimen
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details were identical aside from the post-tensioning mentioned in the previous section.
The beams were 12 foot in length. This length was chosen to allow sufficient room at
each end for the transfer length of 5.8 feet, as calculated by ACI 318-11 Chapter 10. A
typical production beam with similar detailing would be approximately 45 feet in length.
Additionally, two strands that were typically debonded in similar production beams were
left bonded in the test specimens to both exacerbate cracking and avoid safety concerns
related to a fully debonded strand.
Specimens CT2, PT1, and PT2 used 1/2 in. diameter threaded rods with 90 degree
hooks at the bottom that were bent to ACI specifications (ACI Committee 318, 2011).
Rods were shielded with plastic strand shielding and passed through steel bearing plates
at the top of the beam. All top plates were constructed of 1/4”x12”x14” mild steel with
5/8 in. diameter holes (Figure 19). Plates were embedded and of sufficient thickness to
sit directly on top of the mild reinforcement. Specimen CT2 had 8 threaded rods placed
into the end region and tightened with a torque wrench to 100 in.-lb. (approximately 500
lb. tensile force per rod). Specimen PT1 had 8 threaded rods post-tensioned to
approximately 5000 lb. each (4.5% of prestressing). Specimen PT2 had 10 threaded rods
post-tensioned to approximately 5300 lb. each (6.0% of prestressing).
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Figure 19 – Top plate details
Strand pattern and details are described in Figure 20. The total prestressing force
in the bottom flange was 879 kip and prestressing was released using flame cutting from
the inner most top strands proceeding down and then out symmetrically.
Mild reinforcement configuration and details are seen in Figure 21 and Figure 22.
Specified bar yield strength was 60 ksi. Metric bars of sizes 13 mm, 16 mm, 19 mm, and
36 mm were used and bent to ACI specifications (ACI Committee 318, 2011). Eight 13
mm closed stirrups confined the inner most strands and extended vertically into the web
of the beam to compromise the vertical end-region reinforcement. Eight pairs of 13 mm
bars bent into C-shapes were placed in the bottom flange to provide the remaining
prestressing confinement reinforcement. Post-tensioning rods were placed into the cross-
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section as additional vertical end-region reinforcement (Figure 23). The threaded rods
had a specified yield strength of 84 ksi and a thread count of 13 threads per inch.

Figure 20 – Strand layout and prestressing detail
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Figure 21 – T-beam reinforcement
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Figure 22 – Reinforcement details

47

Figure 23 – Post-tensioning details for specimens CT2, PT1 and PT2
4.3.

Specimen Fabrication

Test specimens were constructed on July 24th, 2013 at Metromont Corporation in
Greenville, SC.

The beams were cast on a prestressing bed with three production beams

using the same materials and construction procedures (Figure 24).

Figure 24 – Specimen orientation in stressing bed
Mild reinforcement was bent on site to ACI specifications (ACI Committee 318,
2011). Concrete was mixed in an on-site batch plant. The jacking force applied to each
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strands was 34500 lb., exceeding the specified force of 33810 lb. per strand but still
within manufacturer tolerances. This was done to accommodate the production beams
being cast on the prestressing bed at the same time. End-region confinement is presented
in Figure 25 and post-tensioning application is shown in Figure 26 and Figure 27.

Figure 25 – End-region mild reinforcement for all specimens
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Figure 26 – Threaded rods with shielding and top plate for PT2
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Figure 27 – Threaded rod anchorage in specimen PT1
The concrete compressive strength requirements for prestressing release was 3800
psi and the strength measured by the manufacturer was 4500 psi at the start of posttensioning (9 hours) and 5200 psi at prestressing release (11 hours). After formwork
removal and prestress release, the beams were moved using independent pulleys hooked
to a lifting loop at each end. The beams were placed on dunnage next to the line (Figure
28 and Figure 29) and then transferred to dunnage in the plant yard (Figure 30).
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Figure 28 – Specimens PT2 (left) and CT2 (right) on dunnage during transfer to plant
yard; cracks enhanced for visibility
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Figure 29 – Specimens CT1 (left) and PT1 (right) on dunnage during transfer to plant
yard; cracks enhanced for visibility
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Figure 30 – Beams in storage in plant yard
4.4.

Set-up and Protocols

4.4.1. Application of Post-tensioning
Post-tension force was applied to specimens PT1and PT2 after the beams had
reached the release compressive strength and forms were removed but prior to prestress
release.
Two rods on each of the specimens was monitored with a load cell to complete
the calibration process. The calibration method consisted of three steps. First, the set-up
was completed by placing the load cell between two bearing plates with the washer and
nut threaded on top. Second, the nut was torqued to 100 in.-lb. using a torque wrench.
Lastly, the nuts were tightened and the turns required to reach the desired load were
counted. After completing this procedure on both calibrated rods, the average number of

54

turns required was determined. All rods were then tensioned to 100 in.-lb. using a torque
wrench and turned the number of determined turns. The entire process was used on both
of the post-tensioned end regions.
4.4.2. Evaluation of Cracking
Beam cracking was visually assessed immediately after prestress release, while
being moved for storage, and while on dunnage in the plant yard. Monitoring continued
closely throughout a 28-day period after fabrication. Periodic observations were also
made in the following months. The beams were moved to a research facility at Clemson
University on October 8th, 76 days after casting. They were again placed on dunnage in
outside storage.
Visual inspections consisted of marking cracks and monitoring for growth in
length or width. All inspections were completed by the same observer to maintain
consistency between readings. A crack comparator was used to evaluate crack widths
and had a precision of ±0.002 in. Crack length was tracked by marking observed cracks
and measuring lengths using a tape measure. Figure 31 shows a crack comparator and
crack marking.
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Figure 31 – A crack comparator was used to monitor crack widths and a marker was used
to track crack growth
4.4.3. Detensioning
Seven months after casting, on March 8th, 2014, the threaded rods were
detensioned and crack growth monitored. Vibrating wire strain gages (VWG) were
placed across the expected cracking locations to monitor strain changes in the concrete
during the release process (Figure 32). Strain changes were expected to be concentrated
around the existing cracks. Specimen PT1 had an existing crack approximately 15 in.
from the base of the beam and two gages were placed across this crack to capture crack
widening. In specimen PT2, one crack was observed prior to the day of detensioning
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approximately 10 in. from the base of the beam. One gage was placed across this crack
to capture its behavior and a second gage was placed above this point spanning the most
common crack location observed in the other specimens. Just prior to detensioning, a
second crack was observed 14 in. from the base intersecting the mounting block of one
strain gage and within the span of the second. Crack monitoring was accomplished with
the same procedures as those used previously except that crack widths were taken with a
crack microscope, which has a precision of ±0.001in.

Figure 32 – VWG placement for PT1 (left) and PT2 (right); cracks enhanced for visibility
4.5.

Results and Discussion

4.5.1. Application of Post-tensioning
Post-tensioning was applied to the threaded rods when the compressive strength
exceeded that the required for prestress release and after the forms were removed. The
calibrated estimates for the post-tension force applied to specimens PT1 and PT2 can be
found in Table 9. The desired post-tensioning load was achieved in both specimens, but
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the percent of prestressing was not. This is because the total amount of prestressing was
increased from the preliminary design for production beams that were being fabricated on
the same prestressing bed.

Table 9 – Applied post-tensioning
Specimen
Preliminary Prestressing (kip)
Actual Prestressing (kip)
Average Measured PT (kip)
Calibrate PT Applied (kip)
Percent of Prestressing

PT1
879
897
4.9
38.9
4.3%

PT2
879
897
5.2
52.3
5.5%

To execute the calibration procedure, each of the rods used for calibration had to
be left with enough length to allow for the load cell assembly to be placed over the rod
(Figure 33). However, the allowable length extending above the plate was limited to the
depth of the socket used in the torque wrench. To accommodate this, calibration was first
executed on longer rods with the load cell assembly, the assembly was then removed, the
rods were trimmed to the appropriate length, and the calibrated estimation was then used
on the shortened rods. This process along with learning associated with the first
application of the procedures caused the calibrated tensioning process for both rods to
take an hour and three quarters. The final tensioning of all of 18 of the rods in both
assemblies took fewer than 20 minutes. If a calibrated estimate for rod tensioning was
already completed for this cross section and configuration, the implementation time
would have been closer to the 20 minutes rather than 105 minutes.
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Figure 33 – Turn-of-the-nut calibration using a load cell
4.5.2. Evaluation of Cracking
After the post-tensioning process was completed and prestressing released, all
specimens were inspected for web-splitting cracking with no cracks found. However,
cracking was immediately observed on specimens CT1, CT2, and PT1 when specimens
were lifted from the line and placed on adjacent dunnage (Figure 28 and Figure 29).
Cracking may have been instigated in the lifting process. The beams were moved to
storage in the plant yard but no change was seen in crack length or crack width until 4
days later. No additional crack growth was seen either during the 28 day storage period
or in periodic observations before and after shipment of the specimen in October. Crack
data are summarized in Table 10.
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Table 10 – Specimen crack visual inspection results for 28 days
Specimen
Initial
4 Days
28 Days

Characteristic
Total Crack Length (in.)
Average Width on End (in.)
Total Crack Length (in.)
Average Width on End (in.)
Total Crack Length (in.)
Average Width on End (in.)

CT1
31
0.01
33
0.01
33
0.01

CT2
32.5
0.009
33.75
0.009
33.75
0.009

PT1
20.5
0.005
23.5
0.005
23.5
0.005

PT2
-

Cracking on Specimens CT1, CT2, and PT1 was typical of web-splitting cracking
as seen in Figure 34. Several terms used throughout this discussion are also illustrated in
Figure 34 for clarity. The cracking on each side appeared roughly symmetric and the
crack traversed the face of the beam, traveling straight across between sides. The general
crack profile for this distress is typically described as triangular with the base being at the
beam end and crack widths along the beam web decreasing uniformly as they move away
from the end of the beam. Figure 35 shows cracking typical of each specimen on the side
of the web. Specimen PT2 exhibited no cracking during this period (Figure 36). Because
all specimens except for PT2 exhibited a single crack traversing the beam end, crack
lengths excluding the 14 in. width of the beam end are an effective feature for evaluating
the end-region details and are termed crack length along the web in this discussion
(Figure 34). The length of cracking in specimen PT1 along the web and the width of
cracks at the beam face were approximately half that of the control beams.
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Beam End
Beam Web

Crack Length
along Web

Total Crack
Length

Figure 34 – Typical web-splitting cracking (specimen CT2) with terms used in the
discussion
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Specimen CT1

Specimen CT2

Specimen PT1
No cracks observed on
specimen PT2

Figure 35 – Cracking observed in specimens along the web during the 28 day period;
blue cracks were observed immediately after lifting onto dunnage, red cracks were
observed 4 days later

Figure 36 – Specimen PT2 exhibited no cracking during the initial observational period

62

Additional crack inspections yielded no observable crack growth or widening in
the 76 days between casting and transportation to Clemson University. The beam was
again inspected 180 days later in preparation for detensioning with little growth noted on
specimens CT1, CT2, or PT1, but with a crack observed on specimen PT2. Further
growth of cracking was noted on specimen PT2 220 days after casting. Table 11
provides crack growth information and Figure 37 shows beam-end cracking of PT2 at
220 days.

Table 11 – Specimen crack visual inspection results for 220 days
28
Days
180
Days
220
Days

Specimen
Total Crack Length (in.)
Average Crack Width on Face (in.)
Total Crack Length (in.)
Average Crack Width on Face (in.)
Total Crack Length (in.)
Average Crack Width on Face (in.)
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CT1
33
0.01
35
0.01
35
0.01

CT2
33.75
0.009
36.75
0.012
36.75
0.012

PT1
23.5
0.005
26
0.005
26
0.006

PT2
13.5
0.002
21
0.002

Figure 37 – Cracking observed on specimen PT2 enhanced with marker; the left crack
was observed at 180 days and the right at 220 days
The post-tensioning applied to specimens PT1 and PT2 was effective in
controlling crack widths to levels permitted in extreme environments according to PCI
and FDOT recommendations. Specimens CT1 and CT2, which did not have end region
post-tensioning, had cracks with widths greater than 0.006 and would have required
penetrant sealers or epoxy injections if service conditions included moderate or extreme
environmental classifications (Florida Department of Transportation, 2012;
Precast/Prestressed Concrete Institute, 2006). PT1 and PT2 had a reduced crack width of
55% and 18% of the control specimens respectively. The crack lengths along the side of
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the web for PT1 and PT2 were also reduced to 55% and 23% of the control specimens
respectively.
Crack growth in specimen PT2 could be indicative of post-tensioning losses or
creep within the beam. Continued crack growth has been observed by other researchers
(Hamilton et al., 2012), but was not as significant in these specimens. Overall, both posttensioned specimens controlled crack widths well and lessened the total length of
cracking. While storage periods seen in this research can occur, most beams are not
stored for such a long period. Post-tensioning losses using stainless steel rods are
expected to be higher than those experienced by low-relaxations steels used in most
prestressing applications, however, it is possible to mitigate time-dependent losses by
additional tightening of bolts. This approach may be particularly effective for members
having long storage periods where the post-tension rods can be readily accessed for
tightening.
4.5.3. Detensioning
The threaded rods were detensioned and the specimens were visually inspected
220 days after casting. Detensioning was accomplished by simply loosening the nuts on
each of the threaded rods. Strain was monitored during detensioning with VWGs with
the results shown in Figure 38 and Figure 39. Strain measurements show that the concrete
strains grew in tension as the nuts on the post-tension rods were loosened, indicating that
the threaded rods were still providing compression to the concrete cross section after 220
days. Strain magnitudes were influenced by cracking in the beam and only qualitative
assessments were made using the strain data.
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Figure 38 – Vertical strain in specimen PT1 during detensioning; after an initial value,
each data point was taken after a nut was removed
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Figure 39 – Vertical strain in specimen PT2 during detensioning; after an initial value,
each data point was taken after a nut was removed
Visual inspections were also performed on the specimens before and after
detensioning. Crack length and width were seen to increase on both specimens as seen in

66

Table 12 and Table 13. Visual inspections were completed daily for a two week period
after detensioning. After initial crack growth in the first 60 hours, no additional crack
lengthening or widening has been observed.

Table 12 – Crack observations for specimen PT1 after detensioning; darkened fields
indicate change
Time

Value

Left Web
Maximum (in.)

Beam Face
Average (in.)

Right Web
Maximum (in.)

Before
Detensioning

Length
Width
Length
Width
Length
Width
Length
Width
Length
Width
Length
Width

5
0.006
5
0.006
6.5
0.006
7.5
0.007
9.75
0.008
9.75
0.008

14
0.005
14
0.005
14
0.0073
14
0.008
14
0.009
14
0.009

7
0.007
7
0.007
7
0.007
9
0.007
11
0.007
11
0.005

1.5 Hours
7 Hours
24 Hours
60 Hours
100 Hours
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Table 13 – Crack observations for specimen PT2 after detensioning; darkened fields
indicate change
Time

Value

Left Web
Maximum (in.)

Beam Face
Average (in.)

Right Web
Maximum (in.)

Before
Detensioning

Length
Width
Length
Width
Length
Width
Length
Width
Length
Width
Length
Width

3.5
0.002
3.5
0.002
3.5
0.002
5.25
0.003
6.25
0.005
6.25
0.005

14
0.002
14
0.002
14
0.002
16
0.0027
16
0.0033
16
0.0033

3.75
0.002
3.75
0.002
3.75
0.002
5
0.002
6.5
0.005
6.5
0.005

1.5 Hours
7 Hours
24 Hours
60 Hours
100 Hours

Crack width across the end face of the web was measured in three locations and
averaged to determine the beam face average values seen in Table 12 and Table 13. This
was done to better document changing crack dimensions as not all of these measurements
changed with each inspection. Only the largest crack width taken along the left and right
sides of the webs was reported because the cracks decreased in width as they move away
from the beam end.
Visual inspections confirmed that post-tensioning in the threaded rods was present
after 220 days and continuing to confine cracking. Crack widths in specimens PT1 and
PT2 were seen to increase significantly (80% and 67%), and crack length along the webs
was observed to increase between 57% and 95% (Table 14). Cracks were not observed to
reach the same widths and lengths of those found on CT1 and CT2. This may be a result
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of increased concrete strength at the time of post-tension release. Crack monitoring will
continue and be reported in a forthcoming publication.

Table 14 – Change in crack properties over the first 60 hours after detensioning
Specimen
PT1
PT2

4.6.

Crack Length (in.)
Crack Width (in.)
Left Web Right Web Left Web Beam Face Right Web
95%
57%
33%
80%
0%
79%
73%
150%
67%
150%

Summary and Conclusion

Post-tensioning was applied using the calibrated turn-of-the-nut estimation
method to two inverted T-beams, demonstrating the use of post-tensioning to prevent the
development of web-splitting cracks. The objective of testing was to evaluate the
application process in a precast plant environment and to quantify the effectiveness using
crack data. Crack lengths and widths were monitored with visual inspections over the
days and months following prestress release. Post-tensioning was removed after 220
days to determine whether post-tensioning forces were continuing to confine crack
growth.


Application of post-tensioning force can be readily accomplished

in a prestressed facility using the calibrated turn-of-the-nut method. After the
calibration was established, it took an average of 10 minutes to apply post-tension
force to each specimen.


Post-tensioning can be an effective means of delaying and

controlling web-splitting cracking. For the test specimens, 4.3% of the
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prestressing force was not sufficient to prevent cracking, but did control cracks
more effectively than control specimens. Applying 5.5% of the prestressing force
delayed cracking until 180 days after prestress transfer.


Post-tensioning was effective in reducing crack width in the test

specimens. Crack width in both PT1 and PT2 was reduced relative to the control
specimens by 55% and 18% respectively.


Post-tensioning was effective in reducing crack length in the test

specimens. Crack length along the web in both PT1 and PT2 was reduced relative
to the control specimens by 55% and 23% respectively.


Threaded rods maintained post-tension forces and continued to

restraining crack growth 220 days after prestress release. After post-tension
forces were removed from PT1 and PT2 at 220 days, the concrete strain grew in
tension and cracks grew in width and length.
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5.

ANALYTICAL MODEL

A finite element model was constructed in the finite element analysis program
ANSYS (2010) to provide a better understanding of the distribution of web-splitting
forces in the end region of pretensioned girders. Once the model was developed and
calibrated, a parametric study was conducted to determine the effect of transfer length on
the magnitude and distribution of web-splitting forces. Quantifying the web-splitting
forces is the first step in developing a procedure for designing end region post tensioning
to prevent splitting cracks. The 63 in. Florida I-Beam (FIB-63) cross-section was
selected for modeling because strain data and observations were available for model
validation (Hamilton et al., 2012). The model was linear elastic and was used to model
concrete prior to cracking.
5.1.

Model Description

The model was designed to capture the local behavior of the end region and the
overall behavior of the beam while achieving computational efficiency. Program
commands were created in a text file and imported into ANSYS to allow for efficient
modeling while varying geometry, loading, and material properties.
The coordinate system used for the model is defined in Figure 40 with the origin
at the base and centerline of the beam. Symmetry about the vertical (y) axis was
employed to reduce the computational load by constraining the model in the horizontal
(x) direction along the beam centerline.

The cross-section was also simplified to
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produce a more efficient shape for meshing by simplifying curved sections with
approximating lines.
Figure 41 and Table 15 provide a geometry comparison of the physical and
simplified cross-sections. Prestress release details can be seen in Figure 42, where
strands are numbered in the order they were cut. To simplify the discussion in this paper,
strand numbering does not include the dormant strands in the top flange although they
were cut first. Once the number of prestressing strands released in the bottom flange
exceeded six (three in half-symmetry model), bearing conditions were modeled using a
pin at the near end of the model and a roller at the far end. A fully supported bearing
condition was temporarily necessary for the initial condition because camber did not
occur until after six strands were released. Self-weight was included in the model by
adding density to the concrete elements and a downward acceleration.

Figure 40 – Specimen and finite element modeled coordinate systems
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Figure 41 – Cross-section simplification
Table 15 – Florida Department of Transportation provided versus modeled beam
properties (2009)
Properties
FDOT Calculation Model Properties Percent Error
4
Moment of Inertia, I (in. )
530560
530529
-0.006%
2
Area, A (in. )
995.58
997.47
0.190%
Height of Centriod, yb (in)
27.94
27.95
0.036%

Figure 42 – Prestress release cutting order; dormant strands were released prior to bottom
flange strands
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The geometry of the model was constructed out of 3D solid brick elements. These were
defined by points joined into areas and then extruded to form solids. The SOLID65
element was chosen from the ANSYS library because of its nonlinear capabilities, a
characteristic not used in this thesis but important to future model development.
Additionally, LINK180 2D truss elements were used to model prestressing steel. Models
were developed using either initial stress conditions in the LINK180 elements or point
loads applied along the beam to create prestressing. Ultimately, point loads were used for
simplicity and because this modeling variable had no effect on the areas of interest.
Prestress transfer was assumed to be linear and was applied as seen in Figure 43.

Figure 43 – Prestressing applied through forces on nodes; (left) a single strand applied
with force in lb. and (right) all strands applied
Material properties used in the model were taken from the results of Hamilton et
al. because the FIB-63 beams were cast at the same time and in the same bed as the FIB54 beams modeled in the FDOT report (2012). The modulus of elasticity and Poisson
ratio of concrete at release were taken to be 4700 ksi and 0.20 respectively.
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5.2.

Model Validation

Model validation was completed by comparing experimental data from the strain
gages identified in Figure 44. Gages included internal and surface bonded strain gages,
placed on three specimens. One of the specimens was post-tensioned in the end region
similar to the inverted T-beams described in the previous chapter. To facilitate
comparison with the model –which only included pretension forces- strain data taken
from the post-tensioned specimen were relative strains that only included the effects of
pretensioning.

Figure 44 – Strain gage location and summary of specimen specific gages (figure based
on Hamilton et al. 2012)
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A convergence study was performed on the mesh and an appropriate density was
chosen. The final mesh can be seen in Figure 45. Elements in the final mesh varied in
size along the beam length but were typically 1x1x1.5 in. at the end of the girder.

Figure 45 – Final model mesh using Solid65 brick elements
A transfer length of approximately 17.5 in. was observed by Hamilton et al.
(2012). This length was used for the FEA model and is compared to experimental data
in Figure 46. Data points to validate the transfer length for the model were only available
from one FIB-63 specimen. However, the data and the model results are both within the
expected spread seen in similar specimens reported in Hamilton et al. (2012).
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Figure 46 – Transfer length of 17.5 in. model validation using gages XS5-10; n=number
of strands released
Horizontal stresses across the end of the beam were validated with gages ES1 and
ES2. The agreement between the model and data seen in Figure 47 was typical for
different levels of strand release. Strain data from the model near the locations of
prestressing application are excluded from this plot due to numerical errors associated
with the application of prestress force. The model was found to pass through the
experimental data spread and to be in good agreement with the experimental strain from
gages ES1 and ES2 .
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Figure 47 – Horizontal strain model validation using gages ES1-2 with 12 strands
released
The behavior of the model with respect to vertical stresses, which cause websplitting cracking, was evaluated at gages XS2-4. These gages were ideally placed
because they were at the point of highest vertical strain. The model demonstrated good
agreement with strain data within the linear elastic zone, as see in Figure 48. When
strains approached the theoretical cracking strain of 130 µε, as based on ACI 318, the
agreement between the model and experimental data was reduced (ACI Committee 318,
2011). This can be seen from the comparison in Figure 48 when 18 strands (9 in half
symmetry) were released. The differences between the model and the post-cracking
experimental data were expected because the model only considered linear-elastic
material behavior. For strain values prior to cracking, the model and experimental data
were always within 25 microstrain.
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Figure 48 – Vertical model validation using gages XS2-4 with 12, 18 and 26 bottom bulb
strands released; n=number of strands released
Global behavior of the model was also validated by comparing camber
measurements with observations in the field. While the validation process was limited by
the number of specimens and the resolution of the experimental camber data, the camber
estimated by the model were within 1/8 in. of experimental measurements.
5.3.

Parametric Study

Web-splitting forces are a function of the transfer length, the magnitude of
prestressing applied, material properties, and the geometric properties of the beam.
Figure 49 provides a visual presentation of web-splitting forces in the end region. In this
parametric study, the influence of the transfer length on the magnitude of web-splitting
forces was quantified. Transfer lengths between 15 in. and 40 in. were evaluated. This
range was chosen to bound experimental transfer length of 17.5 in. in the FIB-63 beams
from Hamilton et .al (Hamilton et al., 2012) and ACI transfer length estimations of 50
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times the diameter of the strand (ACI Committee 318, 2011). While the stress values in
the model greatly exceed the cracking strength of the concrete, the linear-elastic model is
still useful considering the goal of post-tensioning in the end region is to counter websplitting forces such that the concrete remains uncracked. Therefore, the linear elastic
model can be used to estimate the post-tensioning force needed to keep the stresses below
the cracking stress and in the linear range.

Figure 49 – Web-splitting stress at the critical plane in the end region
Each of the models in the parametric study had a pretension force of 2,319 kip.
Vertical web stresses due to pretension forces were highest at the end of the beam and
decrease along the length of the beam as seen in Figure 50. For the given level of
pretension force, transfer lengths between 15 and 40 in. all resulted in tensile stresses
sufficient to cause cracking in the cross section. In general, the shorter the transfer length,
the higher the vertical tensile forces were in the critical web-splitting plane. When the
transfer length was 15 in., the vertical stress was 4 times the cracking strength of the
concrete. While these forces would never be realized within the concrete due to cracking,
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this model provides a method for quantifying the forces that would need to be resisted to
maintain linear elastic behavior in a beam.
Figure 51 provides a visual representation of metrics that will be used throughout
this discussion to quantify web-splitting stresses. Total tensile stress area is the area
under the stress curve in the tensile region. Tensile distance (zt) is the distance from the
end of the beam to the point where the stress in the beam becomes compressive. Total
cracking stress area is the area under the stress curve in excess of the ACI-calculated
cracking stress. Cracking distance (zcr) is the distance from the end of the beam to the
point where the stress becomes less than the ACI cracking stress.
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Figure 50 – Stress along critical location; tl = transfer length and theoretical cracking
stress indicated in red (ACI Committee 318, 2011)
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Figure 51 – Vertical strain profile including tensile limits and corresponding terms
The tensile force (Ft) was calculated by multiplying the web width by the total
tensile stress area. Similarly, the cracking force (Fcr) was calculated by multiplying the
web width by the total cracking stress area. Forces were then normalized by the amount
of prestressing in the cross section to compare with AASHTO recommendations for
vertical steel to resist 4% of the prestressing force (AASHTO, 2009). Normalized values
represent tensile forces and were left negative to adhere to the sign convention where
tensile forces are negative. It should be noted that these beams exceeded AASHTO
LRFD and Florida Department of Transportation longitudinal tensile and compressive
stress limitations and that to adhere to these limits the prestressing force would have been
reduced in the end region (AASHTO, 2009; Florida Department of Transportation, 2012;
Hamilton et al., 2012). Therefore, these results are not meant to comment on the
accuracy of AASHTO recommendations for vertical steel resisting web splitting.
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As can be seen in Figure 52, the amount of force needed to resist web-splitting
cracking decreases as the transfer length increases. The tensile force needed to resist
cracking was found to be greater than the recommended 4%, ranging between 5.0% and
4.5%. However, if post-tensioning was applied to the cross section to prevent websplitting cracks, between 2.5% and 1% of the prestressing force would be necessary to

Percent Prestressing Force (%; y-y)

reduce the tensile stress to levels beneath the tensile cracking strength of concrete.
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Figure 52 – Tensile and cracking forces normalized with the total prestressing force by
transfer length
The tensile distance can be seen in Figure 50 to increase as the transfer length
increases, varying between 18 in. and 40 in. This corresponds to a decrease in tensile
force magnitude. Therefore, the magnitude and distribution of vertical reinforcement
restraining web-splitting should be influenced by the expected transfer length in the
beam. Perhaps coincidentally, all stress curves drop below the theoretical cracking at
around 10 in., making all cracking distances about the same. Post-tensioning to prevent
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web-splitting should be placed as close to the end of the beam and within the cracking
distance if possible. If post-tensioning is sufficient to keep the stresses in the web under
the cracking strain, concrete tensile strength within the entire web-splitting tensile plane
would contribute to web-splitting resistance.
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Figure 53 – Tensile and cracking distance by transfer length
Transfer lengths are difficult to predict consistently and also may change over
time, from beam to beam, or with material variations such as strand source or concrete
strength at release. For this reason, bounding the results discussed above would be both a
conservative and effective way of addressing web-splitting forces. Figure 54 provides
this bound, which was determined by selecting the largest stresses from each of the
curves presented in Figure 50. The force under the resulting stress curve is -5.9% of the
prestressing force.
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Estimating the bounded curve using only the maximum and minimum transfer
lengths resulted in a total splitting force within 1% of the splitting force calculated using
all to the transfer length curves.

Therefore, it is reasonable to use only the stress profiles

for the maximum and minimum expected transfer lengths when estimating the bounded
tensile force.
In this particular model, the stress curves for all transfer lengths converged at
z=10 in., a value very near to the ACI cracking stress estimation. Only the stress profile
for the smallest transfer length was necessary to estimate the cracking force within 0.5%
of the bounding curve. Table 16 provides a summary of the values in Figure 52, Figure
53, and Figure 54.
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Figure 54 – Bounded tensile stress considering all transfer lengths between 15 in. and 40
in.
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Table 16 – Summary of tensile and cracking forces normalized with the total prestressing
force and tensile and cracking distances
Transfer length (in.)
Maximum Tensile
Stress (ksi)
Tensile Force
(kip; Ft)
Tensile Force as
Percent of
Prestressing (%)
Cracking Force as
Percent of
Prestressing (%)
Tensile Distance
(in.; zt)
Cracking Distance
(in.; zcr)

5.4.

15

20

25

30

35

40

Bound

-2.56

-2.33

-2.13

-1.93

-1.75

-1.60

-2.56

-115.3

-114.2

-112.0

-108.6

-105.6

-103.1

-136.3

-4.97%

-4.93%

-4.83%

-4.68%

-4.55%

-4.45%

-5.88%

-2.55%

-2.30%

-2.04%

-1.73%

-1.45%

-1.18%

-2.56%

18

19.2

21.6

24.2

28.2

37

37

9.6

10.0

10.0

9.8

9.4

9.0

10.0

Summary and Conclusions

Parametric studies using finite element modeling were conducted to evaluate the
effect of transfer length on web-splitting forces in Florida I-Beam cross sections. Results
were discussed with regard to the total prestress force in the cross section and the ACI
theoretical cracking strength (ACI Committee 318, 2011).


The maximum web-splitting stress occurs at the end of the beam

and increases as the transfer length decreases. For the considered model, a 62%
reduction in transfer length affects a 60% increase in maximum stress.


The length of the beam over which the web-splitting stresses are

distributed increases with the transfer length. In FIB-63 girders, the location
where stresses cross from tensile to compressive increases from 18 in. to 37 in. as
the transfer length varies between 15 in. and 40 in.
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The total web-splitting force in the cross section increases as the

transfer length decreases. The largest calculated splitting force was equal to 5.0%
of the prestressing force for a transfer length of 15 in. and the smallest calculated
force was 4.5% for a transfer length of 40 in.


When transfer lengths are unknown or variable, the upper bound of

web-splitting forces can be effectively estimated by considering only the shortest
and longest expected transfer lengths.
5.5.

Future Work

It is the intent of the research was to provide a platform for the development of
the finite element model to include nonlinear behavior. A nonlinear model can be used to
further improve understanding of end-region forces and to develop recommendations for
using post-tensioning in design applications. Model evaluation must be extended to
include analysis of principle forces throughout the end region. Recommendations would
include the magnitude required to resist web-splitting cracking as well as how the force
should be distributed in the end region.
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6.

SUSTAINABILITY AND RESILIENCE

Achieving sustainable and resilient infrastructure requires a holistic evaluation
considering social, environmental, and economic costs as well as the performance of the
structure under varying service and extreme conditions. This chapter addresses the
impacts of end-region post-tensioning on infrastructure sustainability and resilience.
Life-cycle analysis (LCA) has become the established method for objectively analyzing
and comparing the impacts of a structure environmentally and economically. A
resilience structure is one that is capable of meeting changing service demands and
recovering quickly from those changes. The elimination of web-splitting cracks using
post-tensioning in an efficient manner is expected to increase the resistance of
pretensioned concrete structures to chloride ingress, thereby increasing the service life of
the component and reducing the environmental and economic cost of the infrastructure
system.
6.1.

Research Impact

According to the American Society of Civil Engineers report card for 2013, 11%
of US bridges and 12% of South Carolina bridges are structurally deficient (ASCE, 2013;
Federal Highway Administration, 2013). Many of these bridges are reaching the end of
their service life and are degrading due to durability issues. Bridges are frequently
exposed to harsh environmental conditions conducive to reinforcement corrosion, which
along with fatigue degradation is a common cause for structural deficiency. Cracking in
concrete can significantly impact the durability of a structure in these environments and
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lead to the loss of service life. This impacts the robustness of the system, reducing its
resilience, and leads to less sustainable infrastructure. The primary cause of deterioration
of structures in a marine environment is chloride induced corrosion in mild reinforcement
(Val & Stewart, 2003). Corrosion modeling is therefore essential for a complete LCA of
most bridge systems in a marine setting. These models are influenced by material
properties, environmental conditions, loading conditions, and the presence of cracking.
Cracks act to increase the rate of chloride ingress through concrete. Cracks of
sufficient width (0.01 in.) provide an open path for chloride ions to be transported
directly into the concrete through advection. Smaller cracks (less than 0.005 in.) can
speed ingress rates through capillary action and by increasing the permeability of the
concrete (Reis et al., 1965).

Transport mechanisms become more complicated when

considering the varying exposure conditions found throughout a structure. Web-splitting
cracks can easily exceed 0.005 in. and cause durability concerns.
Currently, web-splitting cracks are expected, accepted, and controlled using a
number of methods such as vertical end-region reinforcement and strand debonding.
Cracks with excessive widths are treated with a variety of methods such as patching,
penetrant sealers, and epoxy injection with varying levels of success. End-region posttensioning provides a method of preventing and controlling web-splitting cracking,
increasing the durability of the structure by reducing chloride ingress rates. To quantify
the value of the developed end-region post-tensioning technology, it is necessary to
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perform a LCA on a component subject to web-splitting cracking and compare these
results to the cost of implementation.
The prevention of cracking is always desirable in structural components to
maintain public confidence and a positive perception of the structure. Many beams
subject to web-splitting are used in structures such as overpasses, where web-splitting
cracking can be seen and raise concern. In this sense, end-region post-tensioning also has
positive effect on social sustainability.
6.2.

Qualitative Evaluation

LCA models are typically function environmental and economic costs with a
consideration for social impact. Costs considered are typically categorized as design,
construction, maintenance, and a summation of failure repair costs (Val & Stewart,
2003). The effect of cracking on the durability of the structure is of critical importance
and would be considered a failure repair cost at initial detection or after reinforcement
corrosion has occurred. Determining the frequency and severity of failures due to
chloride induced corrosion would be a function of environmental factors, material
properties of the concrete, concrete cover, and the health of the member.
Cracking degrades the initial health of the member by decreasing its durability.
Quantifying the effect of cracking on concrete durability is extremely difficult because
cracks have a wide variety of characteristics including width, depth, and tortuosity, all of
which vary depending on the crack cause and material properties of the concrete.
Furthermore, members subjected to web-splitting cracking tend to be superstructure
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members and there is very little research on the effect of cracking on concrete members
meeting these service conditions. For this reason, it is impossible at this time to quantify
the value of preventing web-splitting cracks by estimating its effect on the durability and
cost of repair.
The cost of implementation would be easy to estimate. Using the methods
purposed in this research, there would be an initial investment of time in money in the
calibration process for the turn-of-the-nut procedure for each type of beam receiving
treatment. Following this, the cost of the threaded rod and the additional construction
time required would be easily determined and quantified.
6.3.

Future Quantitative Evaluation

A model for the frequency of failure events in a bridge due to chloride ingress
through cracks could be developed using Monte Carlos simulations if more basic
knowledge of the behavior of chlorides in these conditions was known. Equation 6 is a
suggested governing equation and is based on several factors.

Equation 6
where:
g = Time to repair event in years
Ti = Corrosion initiation time in years as a function of cover (c), chloride
ingress rate, chloride surface concentration, and chloride corrosion threshold
Tcr = Time to cracking in years after chloride corrosion threshold is reached
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Ru = Stepwise resistance function in years based on the initiation time (Ti),
crack width (wcr), crack depth (dcr), and cover (c)
The corrosion initiation time and time to cracking for uncracked concrete are well
established for particular materials and service conditions. Estimating the reduction in
initiation time due to cracking would require a better understanding of the mechanics of
chloride ingress and cracking than is currently known.
The Monte Carlos simulations could estimate the statistical likelihood of seeing
damage over a period of time with and without cracking. Furthermore, the model could
be further developed using the same basic approach to account for failure of detection
and different levels of failure and repair. This could be used to calculate the anticipated
cost due to corrosion damage from web-splitting cracking and compare it with the
anticipated cost for an initially uncracked beam.
Experimental results have shown that end-region post-tensioning can be used to
control, reduce, and prevent web-splitting cracks. Increasing the durability of the beams
will certainly increase the sustainability and resilience of the structures. However, further
knowledge is needed to evaluate the importance of using post-tensioning as a websplitting cracking prevention method.
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7.
7.1.

SUMMARY

Post-tensioning Procedure

Post-tensioning using the turn-of-the-nut can be consistently and accurately
applied by developing a calibrated estimate of the forces. Localized deformation at the
anchorages of the post-tensioning assembly and initial seating make the calibrated
estimate detail-specific and are overcome using a load cell to estimate the assembly
stiffness and a torque wrench to create a consistent starting point for estimating system
elongation.
Anchoring, shielding, and rod diameter details were evaluated and
recommendations regarding these details were made. All anchorages tested provided
sufficient resistance to fully yield the post-tension rods, but it is recommended to use
hooked rods bent to ACI specifications. Commercially produced plastic shielding used to
debond prestressing strand is recommended for use because it is readily available at most
precast plants and time efficient in implementation. Rods with smaller diameters (1/4 in.)
are not recommended and were found to be easily damaged and therefore not as reliable
or cost-efficient as larger rods (3/8 in. and 1/2 in.).
7.2.

Inverted T-beam Results

Post-tensioning was applied to two test specimens in a precast plant and found to
be effective in controlling web-splitting cracks. Two control specimens were cast at the
same time to provide a baseline for comparison. Web-splitting cracks were observed in
the two control specimens and in one of the post-tensioning specimens immediately after
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prestress release. A post-tensioning level of 4.3% was found to control crack widths and
lengths by reducing them to 55% of the control specimens. A higher post-tensioning
level of 5.5% of the prestressing force prevented web-splitting cracking until 180 days
after prestress release and then maintained reduced crack widths and lengths to 18% and
23% of the control specimens respectively. Post-tensioning was removed 220 days after
prestress transfer to determine whether post-tensioning forces were still present and
continuing to confine crack growth. After the post-tension was removed, the concrete
strain grew in tension and cracks grew in width and length, indicating that the threaded
rods were restraining crack growth.
7.3.

Analytical Model

A linear-elastic analytical model was developed of the Florida I-Beams from
Hamilton et al. (2012) and used for parametric studies evaluating the change in websplitting stresses with regards to transfer length. Transfer lengths can be variable from
beam to beam and difficult to accurately predict. The transfer length estimated by ACI
was 30 in. and experimental data from Hamilton et al. suggested a transfer length of 17.5
in. This study investigated transfer lengths between 15 in. and 40 in. at 5 in. intervals.
Due to the variability in transfer lengths, bounding the results is of multiple transfer
lengths would be both conservative and desirable.
Maximum web-splitting stresses and total force were found to increase in
magnitude as the transfer length decreased; a 62% reduction in transfer length affected a
60% increase in maximum stress and 12% increase in total web-splitting force. The
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length of the beam over which web-splitting stresses were distributed increases as the
transfer length increases. Web-splitting stresses were found to be reasonably bounded
with a 1% error by considering only the smallest and largest transfer lengths. These
forces could be used to estimate the amount of post-tensioning needed to prevent websplitting cracking.
7.4.

Impacts

Post-tensioning has been shown to reduce and delay end-region cracking in
prestressed concrete members; thereby increasing the durability of the beam, reducing
repair efforts, and certainly increasing the sustainability and resilience of the structure.
The value of post-tensioning could be monetized using life-cycle analysis of the
improved structure and compared to the cost of implementation. A frame work has been
suggested for evaluating these effects in terms of failure repair events, but the current
state of knowledge is not sufficient to predict the effect of cracking on the durability of a
concrete member in these loading conditions.
7.5.

Future Work

Future work should focus on the further development of finite element modeling
tools to better characterize the stresses in the end region of concrete members. These
models should be used to establish design guidelines suggesting effective post-tensioning
levels and distribution. Research in this thesis has been accepted for presentation at 2014
PCI Convention and National Bridge Conference and future work based on this document
will also be submitted for publication.
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